Populations of jellyfish, Mastigias sp., landlocked in tropical marine lakes during the Holocene, show extreme genetic isolation (0.74 < ST < 1.00), founder effects (genetic diversity: 0.000 < < 0.001), rapid morphological evolution, and behavioral adaptation. These results demonstrate incipient speciation in what we propose may be modern analogues of Plio-Pleistocene populations isolated in ocean basins by glacially lowered sea level and counterparts to modern marine populations isolated on archipelagos and other distant shores. Geographic isolation in novel environments, even if geologically brief, may contribute much to marine biodiversity because evolutionary rates in marine plankton can rival the most rapid speciation seen for limnetic species, such as cichlids and sticklebacks. Marine lakes present situations rare in their clarity for studying evolution in marine taxa.
M
arine species often are expected to have large geographic ranges, large population sizes, and high gene f low because of weekslong planktonic stages that may be dispersed in currents traveling many kilometers per day (1) (2) (3) . Such widespread panmictic populations result in relatively few (4) , and relatively slowly evolving, marine species (2, (5) (6) (7) . However, marine molecular genetics and physical oceanography are increasingly revealing biotic and physical discontinuities in an ecologically heterogeneous environment (3, 8 -10) , raising questions about the relative frequencies of different modes and rates of evolution.
Tempo and mode of evolution can be inferred from species distributions, the fossil record, population differentiation, and genetic variation set against a backdrop of geologic and climatic history (2, 6, (11) (12) (13) (14) . Areas with high endemism or high species diversity, particularly, are enigmatic, and their study may elucidate processes predominant in speciation (11) . Speciation in small isolated populations, for example, may be quicker than average but, in peripheral locations, contribute little to overall patterns of diversity (11) . Large, centrally situated, populations, in contrast, may speciate less often but may be more successful when they do, thus dominating patterns of biodiversity on oceanic scales (11) . However, isolation is not necessarily unique to peripheral populations. The Indo-West Pacific center of marine biodiversity in the ''East Indies Triangle'' (11) is a particularly complex region of the seas composed of many basins and island chains with a long history of tectonic activity and, like other parts of the world, fluctuating sea level in response to climate change. Although many modern Indo-West Pacific species were present during the late Pliocene, most molecular studies suggest that modern patterns of intraspecific genetic variation in the Indo-West Pacific originated during the Pleistocene (12) as a result of greater isolation of ocean basins during glacial low stands (12) (13) (14) . Similar patterns are seen elsewhere. For example, 65-70% of modern south Australian marine species were present in the late Pliocene, by the middle Pleistocene marine molluscan faunas were composed entirely of modern species (15) , and patterns of intraspecific genetic variation in southeast Australia taxa are consistent with subdivision of species ranges during Pleistocene low stands (16) . Marine fossil faunas of North and Central America show pulse extinction and speciation events Ϸ2 million years ago (17) . Thus, much modern marine diversity appears to have originated during the relatively short periods of glacially lowered sea levels that predominated during the late Pliocene and Pleistocene ''icehouse'' climate (2, 18, 19) .
The details of such events are difficult to study in many marine taxa; they are impossible to study in gelatinous marine zooplankton, an ecologically important and phyletically diverse group including ctenophores, salps, pteropods, cubozoan, hydrozoan, and scyphozoan jellyfishes, because exceptionally few ever leave a fossil or subfossil record. Populations of jellyfishes landlocked in ''marine lakes'' during the Holocene therefore may provide a valuable modern analogue of Plio-Pleistocene seas and a window into the evolutionary processes that predominated millions of years ago.
Marine lakes are small bodies of seawater entirely surrounded by land. A cluster of Ϸ70 marine lakes formed in Palau as a topographically complex karst landscape (uplifted Miocene reef) permeated with caverns and fissures was progressively flooded by rising sea level after the last glacial maximum (Ϸ18,000 years ago). Lakes formed in chronological series, deeper depressions flooded first (Ϸ12,000 years ago) and shallower depressions later (Ϸ5,000 years ago); the floodwaters carried propagules from the surrounding lagoon varying distances inland, some of which became the progenitors of modernday lake populations. Contemporary connectivity between marine lakes and the lagoon is limited and varied, as indicated by damped and delayed tides (20) . Modern marine lakes therefore differ from the lagoon and from lake to lake in attributes such as depth, age, size, isolation, physical and chemical structure, and biota, even though all lakes within Palau have similar geological history and are subject to similar climate, weather, and potential propagules from the surrounding sea (ref. 20; Table 1 ), providing an unprecedented opportunity to examine the evolution of multiple peripatric marine populations.
In Palau, putative ancestral populations of golden jellyfish, Mastigias sp. occur in semienclosed coves and in the reef-lagoon waters that surround the archipelago; at least six marine lakes have been colonized by Mastigias (Fig. 1A) . In contrast to lagoon populations, which all have similar morphologies and behaviors (e.g., daily migration from west to east), each lake population has a distinct morphology characterized by different degrees of vestigialization and has different behavior (21) (22) (23) . For example, in Goby Lake (GLK), one of the youngest lakes, Mastigias migrate similarly to their recent ancestors in the lagoon, aggre-gating densely in the east during late afternoon. In Uet era Ngermeuangel (NLK), one of the oldest lakes, Mastigias migrate weakly both eastward and westward during both morning and afternoon and, comparatively, are quite evenly distributed. In contrast, in Ongeim'l Tketau (OTM), which is of intermediate age, up to 24 million medusae migrate 0.5 km eastward each morning, accumulating at the east end of the lake around noon at average densities of Ϸ600 m Ϫ3 before they turn to migrate westward in the afternoon (21) (22) . The distinct behaviors and morphologies of lake medusae indicate isolation, in situ evolution, and local adaptation during the Holocene. Here, we use molecular analyses to assess population structure and to provide a framework for interpreting evolutionary history in Mastigias in Palau.
Materials and Methods
Molecular Analyses. A total of 122 medusae were collected from 12 locations (Table 1) , each location being sampled usually on two occasions between 1996 and 2001. Cytochrome c oxidase subunit I (COI) was amplified with primers LCOjf (5Ј-ggtcaacaaatcataaagatattggaac) and MpHCO (5Ј-caaaatagatgctgatacaaaatagg) and sequenced at the University of New South Wales' Ramaciotti Centre. All electropherograms and sequences were checked and aligned by eye, ambiguous positions removed (leaving Ϸ500 nucleotides per sequence), then analyzed by using unweighted maximum parsimony in PAUP*4.0B10 (24) and pairwise sequence difference in ARLEQUIN 2.0 (25) . The proportion of unique haplotypes (number of unique haplotypes͞sample size) was chosen as the measure of diversity because it best represents the number of successful colonizations and makes some accommodation for small variations in sample sizes among sites. The proportion of unique haplotypes was correlated with haplotype diversity and nucleotide diversity (Pearson's r ϭ 0.877 to 0.939, P Յ 0.002, uncorrected for three tests), so this choice did not influence the overall interpretation.
To provide some theoretical context for our study, we compare patterns of genetic diversity in Mastigias with the predicted genetic consequences of evolution on islands (26) . Although heterodox, the comparison is valuable because the physical and biological setting of marine lakes (20, 27 ) fits the conceptual model of terrestrial islands (26) in four key respects. Dispersal occurs from the ocean (mainland) to the lakes (islands). Dispersal rate is approximately constant over time, being a function of sea level rise from Ϸ12,000-5,000 years ago and tidal exchange. Mutation rate is constant, in this case zero, over the period considered. The molecular marker COI is neutral or nearly neutral, as indicated by 10 of 13 parsimony informative positions being third position synonymous changes. Finally, there is no evidence that marine lakes deviate from other assumptions of terrestrial island theory, for example, that extinction rate is constant through time (26) , except where noted in Results and Discussion. Small deviations from the assumptions are inconsequential (26) .
Morphological Analyses. Forty morphological features were measured on 64 medusae 100 mm in bell diameter: 10 per lake [except Tketau Lake (TLM)] and 14 from several lagoon locations (see ref.
23 for detailed methods). Features were normalized on a 0-1 scale and downweighted if correlated during multidimensional scaling and plotting in two dimensions (x and y) by SPSS 10 for Mac (23) . Morphological distance (d) between a pair of medusae was calcu-
2 ). Morphological disparity was calculated for each lake (and lagoon) medusa as the mean of all of its pairwise morphological distances from every (other) lagoon medusa.
Results and Discussion
Geographic variation in COI shows greater diversity in lagoon populations than lake populations, consistent with an ancestral lagoonal range of Mastigias and founder effects at, or bottlenecks after, colonization of marine lake habitats ( Fig. 1 A and Table 1 ). Lagoon populations are genetically more similar to each other than are either (i) lagoon and lake populations excepting TLM or (ii) lake populations to each other (Fig. 1B and Table 2 ), a pattern that is consistent with independent colonization of each marine lake from the ancestral lagoonal population. Population differentiation between the lagoon populations and TLM ( ST ϭ 0.2320, SD 0.1243, range 0.0981-0.3436) was comparable with differentiation among lagoon populations (mean ST 0.2962, SD 0.1319, range 0.1761-0.4374), mirroring their similar morphologies (23) and consistent with shared ecosystem characteristics (Table 1) . Thus, TLM is apparently well connected with the * The island or region of Palau in which each site lies is given in parentheses: NLK (Uet era Ngermeuangel or ''Big Jellyfish Lake'' Koror), GLK (Goby Lake, Koror), OLO (Uet era Ongael, Ongael), CLM (Clearwater Lake, Mecherchar), OTM (Ongeim'l Tketau, Mecherchar), TLM (Tketau Lake, Mecherchar), NCK (Ngermeuangel or ''Big Jellyfish'' Cove, Koror), RCA (Risong Cove, Auluptagel). † Present-day distance from ''mainland'' lagoon to ''island'' marine lake. Present-day distance is correlated (Pearson's r ϭ 0.91, P ϭ 0.032) with shortest distance from the center of each lake basin to the edge of the nearest reef face, which approximates the shortest overland distance 10,000 years ago when sea level was Table  2 ). No marine lake shares a single COI haplotype with any other lake, consistent with independent, chance colonization of lakes by haplotypes from the lagoon. As a rule of thumb, if 14 haplotypes occurred with a similar frequency in the Palau lagoon during the Holocene (Fig. 1B) , there is an Ϸ1-in-13 chance two lakes would contain the same haplotype; the probability that common haplotypes (e.g., those sampled by OTM and TLM) are shared is higher, but this effect is offset by the fact that haplotype compliments and frequencies have changed with time. Consequently, genetic dissimilarity was not significantly related to the three metrics used to distinguish habitat type: circumscription by land (i.e., the definition of a lake), physical structure of the water column, or the presence vs. absence of a coral reef community [analysis of molecular variance (AMOVA) P Ն 0.38, Table 3 ). Genetic similarity was also unrelated to the geographic proximity of populations to each other (Mantel's r ϭ 0.061, P ϭ 0.283; AMOVA P ϭ 0.31, Table 3 ), refuting a hypothesis of isolation by distance. However, genetic distance of marine lake populations from lagoon populations was highly correlated with the degree of geographic isolation as measured by modern [or estimated early Holocene (Table 1) ] shortest overland distance from lagoon to lake (R 2 ϭ 0.858, F 1,4 ϭ 24.072, P ϭ 0.008; Fig.  2A ), indicating that colonization routes into lakes constitute more formidable dispersal filters than pathways between lagoon locations and that the intensity of the filter scales with distance. Genetic distance was not correlated with depth, i.e., time since isolation (linear regression: F 1,4 ϭ 2.061, P Ն 0.224, including or excluding TLM), consistent with the low (but nonzero) probability of observing a mutation in COI during the Ϸ10,000-year time scale considered here, assuming the benchmark 1% divergence per 10 6 years (16). Thus, the patterns of geographic variation in COI reported here most parsimoniously result from the random redistribution (i.e., dispersal) of genetic diversity that existed in the lagoon during the formation of each lake. Not all lake haplotypes were observed in the lagoon, indicating that some are rare in the lagoon, or they are no longer in Palau, having been advected away or extirpated. Genetic diversity was positively correlated with habitat area (Spearman's rank correlation r ϭ 0.975, P ϭ 0.005), although neither a power-curve nor linear relationship fitted well with the quantitative data (P Ն 0.094, Fig. 2B ). Thus, patterns of genetic variation among these peripatric populations of Mastigias in Palau are generally consistent with predictions for taxa evolving in isolation on peripheral islands ( Fig. 2; ref. 26) .
Morphological data allow these hypotheses to be tested from another perspective, assuming morphology provides a proxy for underlying nuclear genetic variation and molecular evolution (29) (30) . In contrast to molecular diversity, morphological diversity was unrelated to habitat area (linear regression: R 2 ϭ 0.0454, F 1,3 ϭ 0.1426, P ϭ 0.731; linear regression on logtransformed data: R 2 ϭ 0.118, F 1,3 ϭ 0.403, P ϭ 0.571) and morphological divergence was not correlated with shortest overland distance from the lagoon (R 2 ϭ 0.0274, F 1,3 ϭ 0.0845, P ϭ 0.7902). Morphological divergence was influenced by time since isolation, although an hypothesized linear relationship between morphological divergence and lake depth, a proxy for time, was marginally nonsignificant (y ϭ 0.043x ϩ 1.119 [SE on m Ϯ 0.015, c Ϯ 0.389], R 2 ϭ 0.739, F 1,3 ϭ 8.473, P ϭ 0.062), suggesting time since isolation is not the only factor that has influenced the degree of morphological evolution. Indeed, the evidently rapid, obviously parallel, evolution of morphology is strong evidence of directional selection and adaptive radiation, in this case characterized by vestigialization (Fig. 3) , attributable to the marine lake environment.
Behavior also shows evolutionary radiation in response to novel selection pressures in marine lakes. The ancestral diel horizontal migration still evident in lagoon populations and GLK maximizes exposure of photosymbionts to sunlight. In contrast, the migration by medusae in OTM does not maximize incident sunlight, but minimizes exposure to otherwise intense (Table 1) to test four alternative hypotheses concerning the geographic distribution of genetic variation by using Analysis of Molecular Variance (AMOVA) in ARLEQUIN 2.0 (25). † Negative values indicate some medusae are genetically less similar to medusae within their own group than to medusae in the other group(s). ‡ P ϭ 0.62. § P Ͻ 0.00001; significance test based on 1,023 permutations of the datamatrix. ¶ P ϭ 0.38. P ϭ 0.87. **P ϭ 0.31. predation by endemic benthic medusivorous anemones, Entacmaea medusivora (22) . The diffuse migration by Mastigias in NLK (22) possibly reflects reduced dependence on autotrophic nutrition and physiological divergence of lake from lagoon medusae (31) .
These behavioral, genetic, morphologic, and physiological changes in Mastigias evince incipient speciation (32) . Concomitantly, previously uncharacterized endemic species of tunicate (Styela complexa), sea cucumbers (Synaptula spinifera and Holothuria cavans), crab (Orcovita saltatrix), and fishes (Cristatogobius sp., Parioglossus sp., and Antherinomorus sp.) have been found in a marine lake in Berau, Indonesia (33) . Although some may represent simply the first record of new species yet to be found elsewhere, Styela complexa is thought to have speciated in situ from the widely distributed S. canopus (34) . Such patterns of endemism and evolution, at subspecies (32) and species (34) levels, in marine lake taxa are highly reminiscent of patterns of endemism and evolution in species isolated on terrestrial islands and in freshwater lakes (35) . The rapidity of evolution rivals that seen in limnetic fishes such as the three-spine stickleback, whose marine ancestors colonized freshwater lakes formed after the last glacial maximum (36) , and the east African rift lake cichlids (ref. 37 , but see ref. 38) .
Thus, even though, compared with their terrestrial counterparts, marine species generally are relatively few (4) and widespread (1, 2), small peripheral populations such as those in marine lakes have considerable evolutionary potential. This potential is not a unique property of marine lake populations; conditions favorable to founder speciation are common in marine systems (39) and archipelagic-level endemism is well documented in fishes (40) . Relatively short-term (millennialscale; ref. 41) geographic isolation over very short distances (23 km; ref. 42) can be an important source of marine biodiversity, diversity that subsequently may be maintained by physical and biological (3, 14, 43) factors inhibiting gene flow. Thus, marine lakes may be valuable modern analogues, or natural laboratories (27) , for studying the early stages of evolution in bathymetrically complex regions, such as the Indo-West Pacific and Caribbean centers and sources of marine biodiversity (11, 44) . Although this analogy implies that it is the increased isolation of ocean basins from each other, rather than their reduction in size, during low stands that is most important, it does not mean that separation should be equated with ''dumbbell'' vicariance because shoaling seas could conceivably divide species ranges unevenly. It also does not mean that each ocean basin should be viewed as an homogeneous unit, because even widespread species with high dispersal ability may experience differential selection across their range (45) , and coastal organisms in particular inhabit only a small and highly heterogenous fraction of any ocean basin. Marine lake taxa may also have modern counterparts in extralimital populations, introduced populations, disjunct species, species with very small ranges (e.g., island endemics, edge-effect species), and the biotas of inland seas.
Geographic isolation, however, may result in a wide range of rates of evolution and speciation (46) . The phenotypic divergence of Mastigias subspecies in marine lakes during the Holocene contrasts starkly with the relative morphological conservatism of allopatric subspecies of Catostylus mosaicus inhabiting coastal estuaries and bays north or west of Cape Howe, Australia, despite genetic divergence Ϸ1.4 million years ago (16) . Of 15 morphological features measured in both species, eight differed significantly between subspecies of Mastigias [lagoon (n ϭ 14) cf. NLK (n ϭ 10), t test P Յ 0.014; ref. 23 ], but only four differed significantly between subspecies of C. mosaicus (P Յ 0.01, 5 Յ n 1 Յ 7, 13 Յ n 2 Յ 16; ref. 47 ) despite a 100-fold difference in divergence times. In this context, the creeping pace of morphological evolution in Catostylus subspecies in similar coastal habitats, and the predominant homoplasious pattern of parallel morphological evolution in Mastigias subspecies that independently invaded novel marine lakes, provide two different examples of why traditional morphological approaches have often failed to distinguish marine taxa and why molecular genetic analyses of marine invertebrates, including gelatinous zooplankton, are now increasingly revealing very large numbers of cryptic species (48) (49) (50) and even cryptic higher taxa (51) . Evolution in the seas is clearly complex, but selection for particular phenotypes may be very strong; ''rampant homoplasy'' (52) suggests there may be relatively few successful solutions to life in an environment as simple and transparent as the sea (53). 
Summary of Major Conclusions
Marine populations are, relative to terrestrial and freshwater populations, typically well connected (1, 2), but cases of low connectivity are not uncommon (13, 14, 39, 42) . Occasional distant dispersal, for example, provides opportunities for divergence in peripheral marine environments (39, (54) (55) (56) . Glacially lowered sea levels predominated throughout the Pleistocene with multiple episodes Ϸ100ϩ m below present that greatly increased geographic isolation of marine taxa for Ϸ10,000-15,000 years (18, 57) , the time scale of evolution in Mastigias reported here, contributing to pulses of intraspecific differentiation (12) (13) (14) 16 ) and speciation (15, 17) . However, isolating mechanisms and the early stages of speciation in marine taxa remain generally unclear, so well documented examples of any mode of evolution are valuable. Populations isolated in marine lakes provide an extraordinary opportunity to study peripatric evolution in marine taxa, including soft-bodied organisms (e.g., algae, jellyfish, and tunicates) that lack a good fossil record, and taxa that typically leave a good fossil record (e.g., gastropods). The existence of multiple independently derived populations in marine lakes and of ancestral populations in the adjacent lagoon in Palau provides an unprecedented opportunity to study genetic and phenotypic evolution (e.g., 29, 30) in representatives of most major marine phyla. 
